Introduction
The use of hydrogen is seen as a viable option as an energy carrier in the future. There is a great need to find a new energy carrier, preferably one that is sustainable, as fossil fuels start to reach levels that will soon not be functional. The environmental concerns also need to be taken into account. An energy carrier that does not or is not as harmful, as fossil fuels, to the climate would be greatly appreciated. This is what makes hydrogen such a good option, as it is the most abundant element in the universe and also has minimal implications on the climate due to the main product of combustion being water and no carbon emissions. The main implication of using hydrogen is safety. This is because it has such wide ranges of flammability and detonability, 4%-75% and 18%-59% by volume respectively. The ranges coupled with the low ignition energy, at 0.017mJ, mean that hydrogen is very likely to ignite if the mixture is in the flammable range. These implications are all associated with releases.
The scope of our project is to determine the safety implications related to a home installation for hydrogen production to refuel a hydrogen vehicle. The main focus is on the consequences of a post-leak, therefore a model is needed to evaluate the risks attached. The model is split into dispersion and then combustion, with the focus of this work being dispersion. This is because the hydrogen flow and mixing needs to be established as to determine where the combustible mixture would be present.
The dispersion of hydrogen has been classified into 3 main divisions [1] : external releases [2, 3] , partially enclosed geometries [1, 4, 5] , ventilation systems [5] .
This paper shows the validation of hydrogen dispersion in a partially enclosed geometry. The experimental results for this validation have been taken from [1, 4] , as the first step for the modelling and validation work before progressing onto different scenarios. The dispersion is a prerequisite for combustion modelling because the resulting flammable cloud of hydrogen will vary for initial conditions, including release parameters, ventilation, configuration, etc. This is due to the nature of the mixing of hydrogen, which can be due to the buoyancy effect and diffusion, causes it to rise and results in stratification.
Computational Geometry
The study uses two domains. The configuration studied here is that of an experiment conducted by [1, 4] . The main domain of concern is a partially enclosed hallway with the other domain being an exterior hallway, modelled to accurately represent the flow through the vents changing direction during the initial stage. Figure  1 The hydrogen inlet is modelled as pure hydrogen with a volume flow rate of 9.44 x 10 -4 m 3 /s, which corresponds to a mass flow rate of 7.7408 x10 -5 kg/s. From looking at the experimental set up in [4] , a little box was attached underneath the inlet into the domain. Hydrogen was released into this box horizontally from an opening with radius 0.0063 m. The area of the inlet, into the hallway, and the two vents are 4.65 x 10 -2 m 2 . The hydrogen concentration in the hallway is recorded at four sensor points, the position of the sensors are shown in Figure  1(b) , and the data is compared to experimental data performed by [1] and [4] The roof and door vent have no forced ventilation and work naturally. The exterior domain is used to take account of the hydrostatic pressure on the door vent. The mesh used is a polyhedral mesh; with minimum length of 0.02 m above the inlet and surrounding the vents, increasing to a size of 0.2 m at the outer boundaries of the external domain. This is to take account for the buoyancy, diffusion and mixing of the hydrogen and also focusing on accurately representing the flow at the vents, while saving computational time, by decreasing the number of control volumes in areas that are not of interest in the current study. The total number of cells used in the model is approximately 7.5 x 10 5 , with the majority of these in the hallway of concern.
Numerical Methods
The computations were performed by the commercial software, STAR-CCM+ Ver. 8.02.011. In the model transient equations for continuity and momentum were solved for the species H 2 , N 2 and O 2 . Air was modelled as 21% O 2 and 79% N 2 by volume. Turbulence was modelled by the standard k-ε model. Diffusion was taken into account by molecular diffusivity, where diffusion is coefficients were calculated according to the kinetic theory method. The binary diffusion is based on Chapman-Enskog [6] .
The boundary conditions imposed on the inlet are a constant temperature, pressure and mass flow rate. The vents are treated as open interfaces and the top of the external domain treated as a pressure outlet. As discussed previously the external domain is modelled to remove any effects of boundary conditions may have on the flow through the vents. This means the vents will act the way they would in reality and the system determines the flow conditions through vents due to the flow induced by the hydrogen release and buoyancy. Turbulence at the inlet was calculated using the intensity and length scale, with values of 0.01 and 0.3048 m respectively, these values were the same as those used in [4] .
Results

Figure 2.
Comparison of experimental results with simulation results. Figure 2 shows the simulation results compared to experimental work performed by [4] . The comparison of numerical and experimental results is shown in Figure 2 and good agreement is observed for sensors 2 and 3 after 125 seconds. However between release and 125 seconds there are some deviations. The sensors towards the ground, sensors 1 and 4, while under predicting the concentrations have a reasonable agreement with the experimental results. Differences between the simulation and experimental results could be due to the exact positioning and time lag of the sensors and as such some could yield different concentrations. The deviation at sensor four could be due to the experimental conditions, any changes could cause vast differences as it is placed near the door vent. This is especially the case for sensor 1, as it is extremely close to the hydrogen inlet. The reason for the low readings here is because the momentum, via buoyancy, of the release is dominant over the diffusion at this point.
In general the results between simulation and experimental results are in a good agreement, the steady state is reached by approximately 200 seconds. The model over-estimates the hydrogen concentration at the roof prior to 125 seconds; this could be numerical modelling deficiencies or a combination of the buoyancy and diffusion. This is currently under further investigation. Figure 3 shows the hydrogen concentration stratification at 200 seconds. The plane for the view is through the centre symmetry plane of the entire domain. For ease of viewing the maximum mole fraction is set to 4% of hydrogen by volume, corresponding to the the lower flammability limit (LFL). Therefore red areas represent regions where hydrogen concentration exceeds the LFL and ignition is possible. This forms a basis for the analysis of further combustion scenarios. During the initial stage of the release (not shown here) it can be seen that hydrogen reached the roof and moved along the roof towards the vent, then once at the vent, started to flow out. The later stage of release can be seen in Figure 3 and shows that the hydrogen diffuses downwards from the roof forming a stratified mixture. This can be seen by the different levels of hydrogen mole fraction.
The shape of the hydrogen plume is affected by the inflow of air into the domain via the door vent. This air flow in is driven by the pressure dynamics and density variations, leading to the buoyancy of hydrogen. The flow into the domain, via the door vent, also helps with the mixing of hydrogen. 
Progression
Moving forwards it is envisaged that different dispersion scenarios will be studied. The scope of simulations will be defined and refined as the ESCHER project unfolds. The next step forward is to validate a combustion model before moving onto combustion simulations. The combustion models will look at ignition, propagation and the extinction of hydrogen flames. It is anticipated that the project will aid in providing recommendations to existing safety guidelines. At the later stages of the project experimental and computational models of dust explosions of hydrides will be developed. There are also the potential ignition sources to take into account as well as the heat transfer from a hydrogen flame. The heat transfer will be looked at to determine the concentrations of hydrogen leading to flashover.
Conclusion
The numerical simulation of hydrogen leaking into a partially confined space has been presented and validated against experimental results. Hydrogen accumulation leads to the formation of layers, which can be viewed from the simulation. The use of a lower vent helps with driving the hydrogen out of the hallway and dilution of the hydrogen-air mixture, therefore decreasing the volume of the combustible cloud, such that it aids the hydrogen stratification and release via the upper vent.
